Introduction
Ultrasonic bonding of thick Al ribbon is necessary for packaging heavy-duty power electronics devices. However, the under-pad structures of the power electronics devices can be damaged by the large interfacial shear stresses that emerge during ultrasonic bonding [1] . To overcome this problem, it is important to understand and control stress evolution during the bonding process. The stress distribution in an Al ribbon and a pad electrode has been investigated by numerical simulation [2, 3] , and this simulation has to be extended to the under-pad structure to understand its influence on failure behavior. The present study reports on the stress distribution in the substrate during ultrasonic bonding.
Many in-situ measurements and observations have been made in order to understand the phenomena present during ultrasonic bonding [4] [5] [6] . Vibration amplitude at the tool-tip is one of the important parameters related to the state of bonding [7] [8] [9] . However, there are no reports about actual interfacial slide. It is supposed that the vibration amplitude is different between the tool-tip and the interface. It is important to understand the origin of this amplitude difference because it is a significant parameter in numerical simulations. Another purpose of the present study is to determine the actual vibration amplitude at the bonding interface during ultrasonic bonding.
Experimental procedure
The interface between SiO 2 substrate and Al ribbon during bonding was observed with a high-speed video camera (HX-3, nac Image Technology, Japan). The ultrasonic bonding apparatus used in the present study is schematically illustrated in Figure 1 . A transparent SiO 2 substrate was used to observe the interface from the underside of the device. The thickness and width of Al ribbon were 0.2 mm and 1.0 mm, respectively. The thickness of the SiO 2 substrate was 2.0 mm. The bonding tool was made of tungsten carbide. The vibration direction was parallel to the longitudinal direction of the Al ribbon. The ultrasonic frequency f was 60 kHz. The bonding force F b was 7.0 N, which was comparable to the bonding pressure P b = 28 MPa in the numerical simulation. The ultrasonic power P u was 3.0 W. The ultrasonic vibration was applied for 400 ms. The frame rate of the video camera was 5 × 10 5 fps, which is sufficient for tracking the actual motion of the ribbon at the interface during ultrasonic bonding. The video data was analyzed to determine the amplitude at the interface by tracking the motion of a certain point in the interface during bonding. Simultaneously, the vibration amplitude at the tip of the wedge tool was monitored with a laser-Doppler vibrometer.
Numerical procedure
The numerical analysis was performed using a finite element method. The mesh pattern used is illustrated in Figure 2 . The thickness of Al ribbon was 200 μm. The thickness and width of the electric pad were 3-10 μm and 500 μm, respectively. The initial contact width was 250 μm. The ultrasonic frequency f was 60 kHz, equal to that in the experimental condition. The bonding pressure P b was 28 MPa.
The temperatures of the ribbon and pad change with bonding time because of friction heating at the interface, and this temperature change should be considered. However, the numerical calculation will be a very hard task. So, the temperatures of the Al ribbon and the Al pad were assumed to be approximately constant at 373 K in the numerical simulations. This assumption is appropriate for estimating the stress evolution of the substrate during the ultrasonic bonding process and is based on the previous numerical and experimental study [2, 3] . Also, the substrate under the pad will be heated by friction. However, it was assumed that materials constants of the SiO 2 substrate were almost constant in the temperature range of 273-373K. That is, the temperature of the SiO 2 substrate was fixed at 293 K, and we used the elastic constants of SiO 2 at 293 K for the substrate.
Because frictional slip occurs at the interface between the ribbon and pad, the deformations of the ribbon and pad were calculated separately as in a two-body problem [3] . It was assumed that the Al ribbon and Al pad were visco-plastic bodies and that the Si substrate was a perfectly elastic body. The visco-plastic deformation of the Al ribbon and Al pad were calculated according to the previous studies [2, 3] . It was also assumed that the interface between the pad and SiO2 substrate was fixed without any frictional slip. The detailed procedure for this calculation is in [2, 3] . However, the size of this model is different from that of the previous study. In the present study, the model is enlarged to fit the experimental size. The vibration amplitude A o and the amplitude at the bottom of the ribbon A b was changed based on experimental results. These amplitudes are important parameters which show the state of the bonding interface. The decrease in A b represents the fact that the constraint on the interface becomes stronger as adhesion progresses.
The elastic deformation of the substrate was calculated using CAE software (Sanseikai, Japan). It was assumed that the force was balanced between the bottom of the pad and the top of the substrate, i.e., the nodal force of pad-bottom was equal to that of substrate-top. The material constants of SiO 2 substrate were taken from the literature [10] . The change in stress in the substrate with time was simulated and compared with the experimental results. The shear stress applied at the interface between the Al ribbon and the SiO 2 substrate was measured using a piezoelectric load cell. The detailed monitoring procedure is described in [1] . Experimental condition was F b = 7.0 N, P u = 2.5 W, f = 60 kHz. The ultrasonic vibration was applied for 400 ms. Figure 3 shows the experimental results for the amplitudes of both the tool-tip A t and bonding interface A i over the range of bonding times t of 1-100 ms. The bonding condition was F b = 7.0 N, P u = 3.0 W. A i could not be determined after t = 100 ms because the motion was too small to track given the resolution of the video camera. At t = 1 and 5 ms, A i is slightly larger than A t , but this may be because of the measuring accuracy of A i . It is supposed that the ribbon slides on the substrate almost freely, i.e., A i ≈ A t , at the beginning of bonding. After t = 10 ms, A t begins to decrease with bonding time. On the other hand, A i becomes smaller than A t and the difference between A i and A t increases with progress of the bonding process. In-situ observations indicate that adhered areas at the interface expand with bonding time [11] , and the Al ribbon becomes increasingly constrained. Figure 5 shows the distribution of (a) the stress in x-direction σ x , (b) the stress in y-direction σ y , (c) the shear stress τ xy , and (d) the equivalent stress σ mises in substrate. The calculation parameters were the same as in Figure 4 . The x-direction is in parallel to the vibration direction, and the y-direction is perpendicular to x-direction. In Figures 5(a) and (b) , positive values indicate tensile stresses and negative value indicate compressive stresses. σ x emerges just under the edge of the interface; it is tensile at the left-hand side and compressive at the right-hand side. This tensile and compressive σ x is caused by shear stress in the interface. The distribution of σ y is similar to that of σ x but it spreads in the y-direction. Although the ultrasonic vibration is applied in the xdirection, a moment is applied to the ribbon [3] ; this moment causes tensile and compressive σ y . As seen in Figure 5 (c), a large τ xy develops under the interface. The interfacial shear stress during bonding produces this large τ xy in the substrate. The maximum σ mises is approximately 347 MPa, which is considerably larger than the bonding pressure. As described in the numerical procedure, the decrease in A b represents the enhancement of the constraint of interface with the progress of adhesion. Figure 6 shows the change of the maximum stresses in substrate with the progress of adhesion. The calculation parameters were A o /μm = 3.5 and 3.5 > A b /μm > 3.1, T = 373 K, and t p = 4 μm. That is, A o was fixed and only A b was altered in Figure 6 in order to investigate the influence of the difference between A o and A b on progress of adhesion. As frictional adhesion increases and the adhesion areas expand in the interface, large stresses develop in the interface [2] , and the maximum stresses in the substrate also increase. As seen in Figure 6 , the maximum stresses rapidly increase when A b is just slightly smaller than A o . This suggests that even though the adhered areas are very small in the bonding interface, stress is significantly enhanced in the substrate. Figure 7 shows the change in the maximum stresses in substrate with the thickness of the Al pad. The calculation parameters were t p = 3, 4, 5, 10 μm, A o = 3.5 μm, A b = 3.4965 μm, and T = 373 K. σ x is reduced by increasing the thickness of the Al pad. It is suggested that stress in x-direction is buffered by a thick Al pad. In contrast, σ y and τ xy slightly increase with increasing t p . This slight increase could be related to convergence error of the displacement rates within the pad and/or the temperature assumption, but the detailed explanation is not known. It is supposed that σ y and τ xy also decrease with increasing thickness of pad because a thick Al pad similarly buffers σ y and τ xy . Figure 8 shows the change in the maximum stresses in substrate with bonding time t over the range 1-100 ms. The experimental amplitude results were used in these calculations; the values of A t and A i (shown in Figure 3 ) were used as the inputs A o and A b in the simulation. However, as described above, A i is slightly larger than A t in the initial stages because of the measuring accuracy of A i . Thus, A b was assumed to be 0.99999 A o in the initial stage (t < 5 ms). The thickness of the Al pad was set to t p = 4 μm for calculating the results in Figure 8 . As seen in Figure 8 , the stress emerges in the substrate as t increases from 0 to 5 ms, but it is not so large. From t = 5 to 10 ms, the maximum stresses sharply increase even though the interface seems to keep sliding (A t is nearly equal to A i ) as shown in Figure 3 . After 10 ms, maximum stresses gradually increase and saturate to a constant value. These results indicate that, at first, the ribbon slides on the substrate almost freely. As frictional adhesion emerges, strengthens, and the adhered areas expand, large shear stresses develop in the interface and stress in the substrate increases. Finally, the maximum stresses in the substrate remain steady because the developed adhesion areas strongly constrain the motion of the ribbon. σ x reaches approximately 1 GPa after progression of ultrasonic bonding, and this large stress may damage the substrate during bonding. Figure 9 shows experimental results for the interfacial shear stress up until t = 100 ms. The bonding condition was F b = 7.0 N, P u = 2.5 W. The shear stress applied at the interface between Al ribbon and SiO 2 substrate was measured with a piezoelectric load-cell. The trends in the experimental results resembles those of the calculation results, as shown in Figure 8 , though the initial stage with free slip is very short in the experimental result. The interfacial shear stress is comparable to τ xy in the calculations. τ xy reaches approximately 300 MPa, and the interfacial shear stress reaches approximately 200 MPa. The stresses which occur in the substrate in the numerical simulation may be overestimated because all of ultrasonic vibration energy is assumed to be consumed around the bonding interface area. On the other hand, the experimental result is understood to be an underestimation because there is always energy loss in the measuring system. Although the stress evolution calculated in the present study may be overestimated, the numerical results are valid to some extent.
Results and discussion

Conclusions
The amplitude of the interface and the stress evolution during ultrasonic Al ribbon bonding have been investigated and discussed. The following results were obtained: (1) The amplitude of the interface becomes smaller than that of tool-tip, and the difference between these amplitudes increases, with the progression of ultrasonic bonding. 
